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FOREWORD 


■mis  report  was  prepared  to  present  the  results  of  an  in-house  study  and  test  program 
conductedby  the  AF  Aero-Propulsion  Laboratory’.  Aeronautical  Systems i  Division,  tmder 
Project  3141,  “Electric  Propulsion  Technology."  Task  3 14 i to.  Space  Environmen 
Effects  on  Electric  Propulsion.”  Tlie  report  covers  the  effort  between  June  1961  and 

April  1963. 


me  cooperation  and  assistance  of  the  many  persons  who  have  contributed  “  the  program 
and  specifically  to  the  following  individuals  of  the  AF  Aero-Propulsion  Laboratoiyart 
gratefully  acknowledged:  SM/Sgt  C.  W.  Thompson  for  coordinating  the  ex^rir^nts  and 
acting  as  aircraft  test  monitor  for  the  program  during  the  past  4  years  Elmer  ^ite^\ 
developing  the  7090  computer  program  to  determine  interface  shapes,  and  p*  -J* 

G.  N.  Medisch  for  developing  the  drop  tower  into  a  useful  zero-gravity  test  facility. 
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ABSTRACT 


Electric  propulsion  systems  for  space  vehicles  must  he  able  to  restart  and  operate  at 
zero  and  low  gravity.  This  operation  can  be  achieved  if  the  tankage  delivers  only  single¬ 
phase  propellants.  The  requirements  for  feed  systems  of  electric  engines  are  described 
briefly.  Also,  the  1.85-secono  drop-test  facility  is  described  and  the  testing  techniques 
are  discussed. 

The  minimum  energy  principle  is  presented  along  with  a  method  for  determining  the 
direction  of  mass  transfer  in  tapered  tubes  and  liquid-vapor  interface  shapes  in  an  annular 
space  between  concentric  cylinders.  Possible  feed  systems  for  electric  engines -are  given, 
which  utilize  surface  tension  for  fluid  positioning  and  transfer. 

Zero-gravity  and  static-fluid  configurations  in  cylindrical  and  spherical  containers  are 
discussed  along  with  experimental  observations.  The  interface  "overshoot"  of  the  equilib¬ 
rium  zero-eravitv  confi<nir»Hrm  <e 
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INTRODUCTION 


Electric  propulsion  systems  for  space  vehicles  mast  have  both  zero-gravity  restart 

-4  -3 

capability  and  low  gravity  (10  G's  to  10  G’s)  operation  capability.  Smooth,  reliable, 
and  reproducible  operation  of  the  engiie  is  essential  and  can  be  achieved  only  If  single* 
phase  propellants  are  delivered  from  the  tankage. 

In  contrast  to  conditions  on  the  surface  of  the  earth,  there  can  be  no  assurance  that  the 
desired  propellant  phase  will  be  located  at  the  outlet  of  the  tank  while  the  vehicle  is  .in  free 
fall  or  under  very  low  accelerations. 

This  technical  report*  presents  information  on  both  the  nature  of  fluids  at  low  gravity 
and  on  tankage  systems  for  electric  engines,  which  control  the  propellant  configuration 
by  surface  tension.  This  information  is  presented  to  assist  designers  in  developing  tank¬ 
age  systems  that  have  many  advantages  over  mechanical  methods  (rotating  tanks,  bladder 
expulsion,  etc.)  of  fluid  control  at  low  gravity. 


ELECTRIC  ENGINES 


TYPES  OF  ENGINES 

The  electric  propulsion  engines  that  are  currently  being  considered  for  space  applica¬ 
tion  are  listed  in  ascending  order  of  specific  impulse  range:  (1)  resistance  engines,  (2) 
arc- jet  engines,  (3)  electromagnetic  engines,  ami  (4)  electrostatic  engines. 

The  electrothermal  resistance  engine  shows  promise  in  the  SOO- second  to  II 00- second 
specific-impulse  range,  in  this  engine,  the  propellant  is  heated  fey  a  resistance  boat  ex¬ 
changer  of  refractory  metal;  the  maximum  temperature  of  the  propellant  and,  tUrefore, 
specific  Impulse  is  limited  by  the  maximum  temperature  of  the  resistance  element.  The 
electrothermal  arc-jet  engine  produces  greater  specific  impulses  because  the  propellant 
Is  heated  by  an  electric  arc  without  subjecting  the  structural  elements  to  the  maximum 
temperature  of  the  propellant.  The  electromagnetic  engine  produces  thrust  by  the  inter¬ 
action  of  a  neutral,  but  electrically  conducting,  plasma  propellant  with  electromagnetic 
fields.  Since  the  propellant  is  accelerated  by  both  aerodynamic  mean*  and  electric  body 
forces,  a  greater  specific  impulse  is  associated  with  tire  same  maximum  allowable  temper¬ 
ature  of  the  propellant  than  with  the  arc-jet  engine.  The  electrostatic  ermine  (ion  engine) 
operates  in  tl«  5fiOO-sccond  to  20, 000-second  specific-impulse  range.  Thin  engine  pro* 
duces  thrust  almost  solely  by  accelerating  charged  particles  by  electrical  means.  Here, 
there  is  almost  complete  decoupling  of  the  maximum  attainable  velocity  of  the  exhaust 
and  operating  temperature  of  the  structural  components.  Since  the  arc-jet  and  electro¬ 
static  engines  are  closest  to  becoming  operational,  only  these  are  included  in  the  discussion 
on  tlic  requirements  for  propellant  feed  systems. 


*A  16-mm  film  which  Supplements  the  information  presented  in  this  report  can  be  obtained 
on  loan  by  contacting  the  author. 

Manuscript  released  by  autlsor  on  21  May  1963  for  publication  as  an  ASD  Technical  Docu¬ 
mentary  Report. 


1 


FEED  SYSTEM  REQUIREMENTS 
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At  the  present  time,  the  selection  erf  the  propellant  for  the  arc-jet  engine  probably  will 
be  limited  to  ammonia,  hydrogen,  and  the  lithium  seeded  versions  erf  each.  Ammonia  Is 
easily  6tored  in  a  no-loss  system  and  as  such  offers  weight  advantages  for  long  term 
storage  in  space.  Hydrogen  while  being  superior  to  ammonia  from  the  standpoint  of  engine 
performance  requires  cryogenic  or  supercritical  storage  techniques  and  no-loss  systems 
are  impractical  for  long  term  storage  in  space.  On  a  mission  where  hydrogen  boil-off 
supplies  the  fuel  required  by  the  engine,  hydrogen  definitely  appears  to  be  the  logical 
choice  between  the  r*o.  Although  the  arc-jet  engine  will  operate  on  either  a  liquid  or  gas 
propellant,  the  feed  control  system,  from  a  practical  standpoint,  requires  the  propellant 
to  be  hi  the  gaseous  state. 

Cesium  is  easily  stored  as  a  liquid  in  a  no-loss  system  and  could  be  stored  as  a  solid 
with  or  without  a  refrigeration  system. depending  on  the  heat  balance  of  the  tank.  With  the 
cesium  propellant,  the  critical  requirements  are  the  compatibility  of  the  cesium  with  the 
tank  materials  and  the  purity  of  the  cesium  delivered  to  the  engine.  Caseous  cesium  must 
be  delivered  to  the  emitter  (ion  generator)  for  proper  operation. 

Before  the  high-performance  potential  of  electric  engines  can  be  fully  realized,  these 
engines  must  have  an  efficient  method  of  propellant  storage.  In  addition  to  the  environ¬ 
mental  problems  encountered  in  space  that  are  common  to  other  propulsion  systems,  , 
electric  engines  will  to  required  to  perform  In  a  low-gravity  environment  (less  than  10"J 
G*s)  during  their  entire  operational  period,  which  may  be  as  hich  as  3  years.  This  low- 
gravity  environment  presents  problems  in  liquid-vapor  separation  tnd  beat-transfer 
processes.  In  recent  years  much  effort  has  been  devotee  to  the  analysis  of  these  problems. 
Many  different  systems  have  been  investigated  (Refs.  I  through  16).  The  general  conclusion 
was  that  a  system  could  bo  developed  that  offered  many  distinct  advantages  in  weight,  power, 
and  simplicity  over  present  state-of-the-art  techniques  of  propellant  storage  if  fluid  position¬ 
ing  could  be  obtains*!  by  natural  means  (Van  der  Waals  forces).  The  efforts  described  ht 
References  1  through  16  were  directed  primarily  toward  the  development  of  propellant 
storage  techniques  for  near  future  applications.  Since  there  was  a  lack  of  design  information 
on  the  Ivhavtor  of  fluids  In  a  low-gravity  environment,  less  desirable  techniques  were 
selected  for  development.  1116  intent  of  this  report  Is  to  present  some  information  on  low- 
gravity  fluid  behavior  so  that  the  full  potential  of  advanced  concepts  of  propellent  storage 
may  be  realized  at  some  future  date. 


SURFACE  TENSION  SYSTEMS 


From  principles  of  thermodynamics,  wo  con  shew  that  on  Isolated  physical  system  will 
tend  to  assume  a  ««e  of  minimum  energy  equilibrium.  For  a  system  Involving  fluids, 
tite  energy  may  he  dissipated  by  irreversible  action  of  viscosity,  capillary  friction,  and 
heat  transfer.  For  fluid  In  a  container  under  an  a  G's  .acceleration,  the  energy  of  die 
system  that  may  be  minimized  $«  the  energy  associated  with  the  liquid-solid,  liquid- 
vapor  and  vapor-seMd  Interfaces  plus  the  potential  energy  associated  with  accelerated 
fluid.  Using  tills  principle,  the  authors  of  References  17  through  19  predict  liquid-vapor 
Interface  shapes  in  various  types  of  containers  and  acceleration  fields.  The  constraint* 
for  a  system  In  a  zero-gravity  environment  (a  •  0)  Is  a  liquid-vapor  interface  of  constant 
curvature  intersecting  the  container  at  the  contact  angle. 
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The  Young  and  Laplace  equation  (Ret  20),  which  deals  with  the  pressure  differential 
across  a  curved  interface,  is  s  useful  tool  for  predicting  (he  behavior  of  low-gravity 
fluid.  This  basic  equation  of  capillarity  Is 

when 


Pq  -  Pj  ■  pressure  differential  across  liquid-vapor  interface 
o  «  surfaced  tension 

Rj  and  Rj  •  radii  of  curvature  that  describes  the  curved  interface. 

The  two  radii  of  curvature  of  a  curved  surface  may  be  obtained  by  erecting  a  normal 
to  the  surface  at  the  point  in  question  and  then  pass  a  plane  through  the  surface  containing 
the  normal.  The  radius  of  curvature  is  that  of  a  circle  tangent  to  the  line  of  intersection 
at  the  point  involved.  The  second  radius  of  curvature  is  obtained  in  the  same  manner  by 
passing  a  second  plane  through  the  surface  containing  the  surface  normal  but  perpendicu¬ 
lar  to  the  first  plane.  The  AP  across  an  hue rf ace  cannot  depend  upon  the  manner  in  which 
the  two  radii  of  curvature  are  chosen;  therefore.  Rj  and  need  not  necessarily  be  the 

principal  radii  of  curvature.  1L  or  R  are  considered  positive  if  they  lie  on  the  P  side  of 
the  curved  surface.  * 

The  pressure  drop  across  a  liquid-vapor  interface  nay  he  utilised  for  mass  transfer. 
Consider  the  simple  example  of  slightly  tapered  tube  (Amo  in  Figure  1). 


npn  L  SUjpMr  Ttp«r«4  TWw 

*  *,  *, 

end 

when 

•  -  contact  eagle 
sad 

t  *  tube  redtae. 


Combir*-$  these  two  equations  gives 
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*  °i 


cot  8i 


cot  8f 


Now  If 


o*  cot  fi2  <t,  cos  0, 
r«  f|  "~ 


the  fluid  moves  to  the  right,  and  if 


<t9  cot  9t 


<J ,  cot  8, 


the  fluid  moves  to  the  left. 

The  relationship  of  the  surface  tensions,  contact  angles,  and  tube  radii  may  be  adjusted 
so  that  the  fluid  may  be  made  to  move  in  the  desired  direction.  The  surface  tension  and 
contact  angle  may  be  varied  by  the  use  of  additives,  impurities,  or  temperature.  Figure  2 
illustrates  fluid  movement  for  various  conditions.  Here,  the  surface  tension  decreased.with 
increasing  temperature  is  assured  in  the  figure.  This  fact  is  true  for  most  liquids.  As  the 
gravity  environment  becomes  smaller,  capillary  tubes  may  be  Increased  to  several  inches 
in  diameter.  Therefore,  the  overall  weight  of  a  storage  system  is  reduced  when  this  principle 
for  propellant  control  is  used. 

When  the  idea  of  mass  transfer  by  surface  tension  is  used,  several  possible  tank  systems 
may  be  postulated.  For  example  see  Figure  3.  Figure  3a  shows  a  tapered  tank  with  a  trane-  . 
fer  line  connecting  the  two  tank  ends.  A  wetting  fluid  will  tend  to  collect  at  the  small  end  at 
the  tank  regardless  of  the  initial  fluid  configuration.  Another  type  of  tank  is  shown  in  Figure 
3h.  This  tank  consists  of  several  concentric  cylinders.  When  these  cylinders  are  sized 
correctly,  the  liquid  can  be  collected  in  the  center  portion  of  the  tank  with  the  ullage  In  the 
outer-most  annular  space.  This  effect  could  be  used  to  reduce  the  heat  leak  of  the  tank. 

This  method  will  be  discussed  in  more  detail  later  on.  Other  tank  concepts  utilizing  surface 
forces  are  given  in  Reference  2U 


For  very  low  feed-rate  systems  such  as  those  associated  with  the  electric  engines,  the 
capillary  forces  alone  are  sufficient  to  provide  the  fluid  to  the  engine.  In  other  words,  no 
pump  or  pressure  transfer  system  is  required  to  maintain  the  proper  feed  rate.  This  factor 
is  particularly  attractive  for  the  ion  engine  where  the  liquid  cesium  may  be  transferred 
from  the  tank  to  the  vaporizer  by  surface  tension  only. 

Figure  >5  gives  a  possible  tank  configuration  of  the  ion  engine.  Basically  this  feed  system 
consists  of  s  storage  tank  that  has  the  inner  walls  coated  with  a  porous  sponge  material 
(nickel,  stainless  steel,  etc.).  The  outlet  tube  is  filled  with  a  fine  porous  sponge  material, 
The  outlet  tube  terminates  in  the  vaporizer.  Heat  Is  radiated  from  an  electric  heater  to 
the  liquid-vapor  interface  located  at  the  end  of  the  outlet  tube;  therefore  vapor  is  provided 
to  the  engine.  The  flow  rate  can  be  controlled  by  adjusting  the  power  to  the  heater.  Since 
the  porea  of  the  tank  sponge  are  larger  than  those  of  the  outlet-tube  sponge,  die  propellant 
Is  transferred  to  the  end  of  the  outlet  tube  if  die  propellant  in  the  tank  Is  In  contact  with  tbs 
tank  sponge.  Analysis  of  surface  energies,  and  verified  by  many  experiments  conducted  by 
ASD,  NASA,  and  others,  insures  contact  of  the  propellant  with  the  tank  sponge.  In  ether 
words,  all  Quids  that  have  contact  angles  other  than  180  degrees  will  be  wall  bounded. 
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Note  that  die  characteristic  dimension  of  the  vaporizer  is  less  than  the  characteristic 
dimension  of  the  tank.  This  means  that  the  propellant  would  fill  the  vaporizer  and  vapor 
line  in  the  absolute  minimum  surface-energy  configuration.  This  problem  may  be  over¬ 
come  by  either  (1)  lowering  the  characteristic  dimension  of  the  tank  below  that  of  the 
vaporizer  or  (2)  by  designing  the  vaporizer  so  that  the  propellant  surface  energy  increases 
as  the  propellant  leaves  the  outlet  tube.  In  other  words,  the  vaporizer  presents  an  energy 
barrier  to  liquid  that  leaves  the  outlet  tube. 

* 

For  the  arc- jet  engine,  it  is  desirable  to  use  the  heat  leaks  of  the  cryogenic  storage 
tank  to  provide  the  vapor  for  the  engine.  Here  the  method  is  positioning  the  fluid  and 
locating  the  feed  line  in  the  vapor  region. 

The  control  surfaces  utilized  for  fluid  positioning  need  not  necessarily  be  of  solid  ma¬ 
terial.  Screen  may  be  used  to  reduce  weight.  When  screen  is  used  as  a  control  surface,  the 
stability  of  the  fluid  on  the  surface  of  the  screen  must  be  considered  in  the  design.  This 
problem  is  discussed  in  detail  in  Reference  22. 

Two  drop  tests  were  conducted  to  illustrate  the  use  of  screens.  ResultB  of  the  testB  are 
shown  in  Figure  S.  Both  tests  utilized  two  Pyrex  cylinders  each  with  an  inside  diameter  of 
2.5  centimeters.  Ethyl  alcohol  was  used  as  the  test  fluid.  One  cylinder  contained  a  35-mesh 
screen  and  the  other  a  25-mesh  screen  standpipe.  In  Figure  5a,  the  standpipe  diameter  was 
1  centimeter.  For  this  arrangement,  the  motion  of  the  liquid  into  the  standpipe  waB  predicted 
by  the  minimum  energy  principle,  in  Figure  5b,  the  standpipe  diameter  was  2  centimeters. 
Here  the  motion  of  the  fluid  was. out  of  the  standpipe.  The  variation  of  the  interface  in  the 
annular  space  was  the  result  of  slight  misalignment  of  the  standpipe.  A  method  of  determining 
the  direction  of  fluid  motion  and  Interface  shape  for  an  annular  space  is  given  in  the  section 
on  Annular  Capillary  Analysis.  These  tests  showed  that  in  a  capillary  system  the  screen 
surface  acted  as  a  solid  surface.  * 
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Figure  5.  Screen  Capillariee 
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ANNULAR  CAPILLARY  ANALYSIS 


A  sketch  of  a  capillary  system  that  will  now  he  considered  is  shown  in  Figure  6. 
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Figure  6.  Capillary  System 


For  figures  or  revolution,  explicit  expressions  can  be  written  for  R,  and  R~> 
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The  integrand  turns  out  to  be  the  exact  differential  of  • 
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Now  the  pressure  drop  across  the  interface  may  be  determined  as  follows: 

! 
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[  A*  •  w*  -  SLlcojJL 
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f 

Consider  the  system  of  concentric  cylinders  (Figure  7)  if  it  is  desired  to  drain  fluid  first 
from  the  outer  annular  space  (3)  then  from  annular  space  (2)  and  finally  from  -tube  (1). 
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Figure?.  System  of  Coooentrie  Cylinder* 


The  necessary  conditions  axe: 
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The  fact  that  the  two  techniques  give  the  same  results  for  this  particular  problem  range  sts 
the  possibility  that  the  pressure  drop  may  be  determined  by  the  latter  method  for  compie* 
capillary  systems,  which  cannot  easily  be  found  by  rigid  analysis.  This  concept  is  presently 
under  investigation  in  the  drop  tower. 
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The  shape  of  the  interface  may  be  determined  by  solving  the  preceding  equation.  Numeri¬ 
cal  solutions  were  calculated  on  a  7090  computer  for  various  conditions; 

Figure  8  gives  the  aondimensiona!  interface  ahape  for  a  wetting  Quid  (0  -  OP)  and  Pimm 
9  deals  with  a  aonwetting  fluid  0  -  L2S*. 
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ZERO-GRAVITY  DROP  FACILITY 

The  experimental  methods  used  to  investigate  the  effects  of  zero  gravity  must  all  apply 
the  underlying  principle  that  the  apparatus  experiencing  zero  gravity  must  be  allowed  to 
accelerate  uniformly  because  of  the  influence  of  only  the  external  force  of  gravity.  Possible 
ways  to  apply  this  principle  are  given  in  Table  1.  No  one  method  can  be  used  to  provide  all 
the  information  necessary.  However,  the  drop  method  provides  the  most  reliable  and  repeti¬ 
tive  test  conditions  for  the  least  amount  of  investment  in  manpower  and  money.  Experience 
at  ASD  and  other  operational  drop-test  facilities  substantiate  the  validity  of  results  obtained 
from  this  method. 

Past  effort  at  ASD  has  centered  around  the  aircraft  method  of  producing  the  low-gravity 
test  environment.  The  aircraft  trajectory  in  many  cases  causes  a  fluid  sloshing  condition, 
which  often  distorts  the  phenomena  under  Investigation.  References  23  through  25  give  the 
details  of  aircraft  testing.  Much  qualitative  information  has  been  obtained  from  past  air¬ 
craft  testing.  However,  a  drop  facility  was  developed  at  ASD  to  enhance  future  aircraft 
testing,  to  provide  quantitative  data,  and  to  Investigate  phenomena  that  could  not  success¬ 
fully  be  determined  from  aircraft  tests.  The  results  presented  in  this  report  were  obtained 
in  this  facility. 

The  drop  facility  has  a  usable  drop  height  of  55  feet  and  yields  free-fall  time  of  1.85 
seconds.  This  drop  facility  Is  located  in  ASD  Building  7113  and  is  shown  in  Figure  10.  The 
effect  of  air  drag  on  the  test  pack  age  is  kept  to  a  minimum  by  allowing  the  test  package  to 
fall  within  a  protective  drag  shield.  Guide  cables  are  used  to  facilitate  positioning  of  the 
capsule  assembly  at  the  top  of  the  shaft  and  to  ensure  that  the  capsules  do  not  tip  over  after 
coming  to  rest  at  the  bottom  of  the  shaft. 

A  honeycomb  paper  material,  developed  by  the  Army  for  parachute  drops  and  procured 
under  Military  Specification  H9S-54,  is  used  to  absorb  the  kinetic  energy  Of  the  capsules  on 
impact.  Tills  paper  is  available  in  three  strengths  expressed  In  the  force  required  to  enufe 
1  square  foot  of  the  material.  The  2800-pound  per  square  foot  paper  Is  presently  being  used 
with  the  300-pound  capsule  in  the  1.8-second  drop  facility.  The  paper  suck  is  shown  in 
Figure  11. 

By  varying  the  cross  sectional  area  of  the  honeycomb  paper  and  selecting  the  correa 
strength  of  paper,  one  can  control  the  G  forces  encountered  at  the  bottom  of  the  drop  to 
prevent  any  damage  to  the  experiment  or  instrumentation. 

Various  other  methods  of  catching  the  capsule  were  studied,  observed,  and  investigated. 
The  preceding  method  has  proved  very  satisfactory. 

* 

During  the  free-fall  period,  the  air  resistance  on  the  test  package  Is  kept  below  10"  C*s 
of  deceleration  by  allowing  the  test  package  to  fall  within  the  300-pound  drag  shield.  Bath 
drag  shield  and  test  package  foil  together  during  the  drop.  The  relative  positions  of  the 
test  package  and  drag  shield  are  shown  In  Figure  12.  The  ratio  of  welght-to-air-drag  Is 
kept  high  so  that  tlte  deviation  from  a  true  free  fall  will  he  kept  to  a  minimum.  The  drag 
shield  is  shown  in  Figure  13. 

At  Impact  of  the  drag  shield  with  the  honeycomb  paper,  air  resistance  has  slowed  the 
drag  shield  to  the  point  where  the  test  package  is  approximately  1/2  inch  from  the  bottom 
of  the  drag  shield.  This  condition  presents  no  problem  since  a  3-inch  layer  of  honeycomb 
paper  forms  the  drag  shield  Boar  and  gives  additional  projection  to  the  test  package. 
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Whan  the  above  technique  is  used,  maximum  utilization  of  available  shaft  height  is  obtained. 
The  total  shaft  height  is  62.5  feet  and  produces  1.85  seconds  of  weightlessness. 

TABLE  1 

LOW-GRAVITY  SIMULATION  METHODS 


Method 

Zero-Gravity 

Duration 

Size  and  Dynamics 

Remarks 

Drop  test 

1  to  6  seconds 

Size  limited  by  tower  available: 
ideal  steady  transient  conditions 
from  l  G  to  zero  gravity.  Im¬ 
pact  shock  must  be  controlled. 

Comparatively  in¬ 
expensive.  high 
usage  rate,  low 
manpower  require¬ 
ments. 

Helicopter 
drop  test 

1  to  7  seconds 

Unstable  conditions  prior  to  true 
zero  gravity.  Size  limited.  Com¬ 
pletely  self-contained  capsule 
required.  Technique  has  net 
bees  demonstrated. 

• 

*  , 

Expensive.  High 
manpower.  Sched¬ 
uling  difficult  be¬ 
cause  of  aircraft, 
weather  and  avail¬ 
ability  of  recovery 
area.  Only  one  drop 
per  mission. 

Aircraft 

parabolic 

trajectory 

C-131U  and  KC- 
135. 15  and  30 
seconds  trajectory 
times.  4  to  8  eec- 
onds  of  stabilized 
zero-gravity  time. 

Free  floating  capsule  weight 
limited  to  approx.  200  lbs. 

Highly  unstable  condition* 
prior  to  true  zero  gravity. 

Teat  period  resulting  from 
oscillations  of  aircraft. 

Larger  tie  down  experiments 
possible.  Size  limited  only  by 
aircr  aft  dear. 

Expensive.  High 
manpower  require¬ 
ments,  Scheduling 
difficult  because  of 
aircraft  and  weather 
problems.  Compare-  * 
lively  low  usage  rat*. 

Missile  or 
rocket 

S  to  20  minutes 

Site  limited.  High  launch  accel¬ 
eration,  Difficult  control  of 

- -fc. 

nwMwrafr. 

Recovery  or  tele¬ 
metry  necessary. 
Expensive. 

Magnetic  or 
electric 
field  or 
vibration 
simulator 

Steady  state.  Zero 
gravity  produced 
only  In  very  small 
volume. 

Limited  size  and  limited  to 
only  paramagnetic  materials. 
Limited  heat  transfer  studies. 
Technique  has  not  bees  demon¬ 
strated. 

High  Initial  cent 
for  equipment,  la- 
strumentatioa  and 
recording  of  dots 
difficult  because  of 
the  high  magnetic 
field. 
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figure  10.  Zero-0 nwtty  Drop-Tent  Facility 
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Figure  1Z,  Relative  Position  oC  Test  Package  and  Drag  Shield 


ASD-TDR-63-506 


f-<- 

"  I  *v  4‘ ', 


K 


£'( 

s' 


I 


S  ' 

1' 

* 


SUPPORT  WIRE  . 

'  .1  '  '.  ‘  ' 


.<-- «rT «Tf ‘  £  '  . 


.'  3  rJ 


TSST  ?kCYJ,GZ 


'•'■  — »  i  .";  .  'i 


>  A- 

i  ?- 


GJSET, 


_-^A3  S’HliXl)  f 

*•"*' :.. '  ;7r«»rf.»r.  *r  tr» 


Figure  13.  Drag  Shield  and  Test  Package 


DROP  TEST  PROCEDURES 


The  test  fluids  were  contained  in  Pyrex  flasks  of  various  sizes  and  shapes.  These  con¬ 
tainers  were  suitably  mounted  in  the  test  package  and  illuminated  to  allow  a  high-speed 
motion  picture  camera  to  photograph  the  entire  container  during  free  fall.  The  test  package 
is  shown  in  Figure  1\,  A  16-millimeter,  high-speed.  Bell  and  Howell  camera  with  a  200- 
foot  film  capacity  was  used  to  obtain  the  photographic  data.  The  average  film  speed  was  200 
frames  per  second.  Illumination  of  the  containers  wad  provided  by  four  75-watt,  24-volt 
light  bulbs.  The  containers  were  mounted  inside  a  light  box  having  a  dull  white  interior 
finish  to  keep  highlights  and  glare  to  a  minimum.  The  light  bulbs  were  arranged  to  provide 
indirect  lighting.  Electrical  power  for  the  lights  and  camera  was  carried  by  trailing  wires 
first  to  the  drag  shield  and  then  from  the  drag  shield  to  the  test  package.  These  were  very 
light  and  flexible  wires  and  had  no  effect  on  the  experiments.  Several  drops  were  made  with 
the  electrical  power  supplied  from  a  battery  pack  mounted  in  the  test  package  to  check  the 
effect  the  wires  had  on  the  experiments.  No  detectable  effect  was  indicated  for  identical 
experiments  using  the  two  methods  of  supplying  electrical  power. 

The  liquids  used  in  this  investigation  were  190-proof  ethyl  alcohol,  triple  distilled  mer¬ 
cury.  distilled  water,  and  chemically  pure  carbon  tetrachloride.  The  bulk  of  the  experi¬ 
mental  data  was  obtained  with  wetting  fluids,  that  is,  ethyl  alcohol  and  carbon  tetrachloride. 
Mercury  represented  a  nonwetting  liquid.  We  found  that  distilled  water  did  not  give  repeti¬ 
tive  results  arid,  therefore,  was  discarded.  The  properties  of  these,  liquids  are  given  in 
Table  2.  Air  in  every  case  was  in  the  ullage  space  above  the  liquid.  The  experimental  in¬ 
vestigations  were  conducted  at  essentially  ambient  pressure  and  temperature.  The  contact 
angle  of  fluid  against  Pyrex  glass  was  determined  by  both  the  tilting  plate  and  the  capillary- 
rise  surface-tension  methods.  The  ring  method  was  used  to  determine  surface  .tension.  The 
tilting  plate  apparatus  is  described  in  detail  in  Reference  26. 

Before  each  drop  test,  the  containers  were  carefully  cleaned  with  a  detergent  solution 
in  an  ultra  sonic  cleaner  and  then  with  chromic  acid  solution;  then  rinsed  in  tap  water, 
then  in  distilled  water,  and  finally  dried  with  hot  air.  After  cleaning,  the  containers  were 
filled  to  the  proper  amount  with  the  test  liquid. 

During  the  initial  checkout  of  the  drop  facility,  an  accelerometer  was  mounted  on  the 
drag  shield.  Using  tlie  data  obtained  on  10  of  these  initial  drops,  we  determined  the  free- 
fall  time  to  be  1.85  seconds.  Using  this  time  and  counting  the  film  frames  from  release 
to  impact,  we  determined  an  average  camera  speed  for  each  drop  test.  On  some  of  the 
drops,  a  timing  trace  using  60-cycle-per-second  line  current  was  made  by  the  camera 
on  the  film  as  a  check  on  the  preceding  method.  Any  time  interval  after  release  of  the 
test  package  was  known  to  an  accuracy  of  1.3  percent  of  that  interval. 

After  the  experiment  was  mounted  in  the  test  package,  the  capsule  was  balanced  and 
camera  operation  and  alignment  were  checked.  The  support  wire  was  attached  to  the 
test  package  and  guided  through  a  hole  in  the  top  of  the  drag  shield.  The  wire  was  then 
attached  to  the  lifting  bar  to  form  a  rigid  assembly  of  test  package,  drag  shield,  and  lifting 
bar  as  shown  in  Figures  11  and  13.  The  wire  was  316  stainless  steel  and  0.06  inch  in 
diameter.  The  release  mechanism  was  permanently  mounted  on  the  lifting  bar  and  consisted 
of  a  double-acting  solenoid  with  a  hard  steel-knife  edge.  Actuation  of  the  solenoid  forced 
the  knife  edge  to  cut  the  wire  against  an  anvil,  thereby  ensuring  a  smooth  release.  After 
the  test  package  was  mounted,  the  hoist  at  the  top  of  the  shaft  was  energized  to  lift  the 
entire  assembly  approximately  3  feet.  The  honeycomb  paper  was  then  placed  In  position. 

The  paper  was  a  glued  assembly  of  13  layers  of  honeycomb  19  inches  by  26  inches  in 
cross  section  and  39  inches  in  height. 
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From  this  point  on,  the  drop  operation  was  conducted  from  the  control  room.  The 
capsule  assembly  was  then  hoisted  to  within  2  inches  of  the  I-beam  supports  at  the  top 
of  the  shaft.  Final  positioning  of  the  lifting  bar  against  the  I-beam  supports  was  accomplished 
by  a  motor-driven  actuator  that  deflected  the  hoisting  cable.  See  Figures  15  and  16.  This 
positioning  made  a  completely  rigid  assembly  at  the  top  of  the  shaft.  After  about  10  minutes, 
the  camera  and  lights  were  energized;  then  after  10  seconds,  the  wire  release  mechanism 
was  energized  cutting  the  support  wire  and  releasing  simultaneously  both  the  test  package 
and  drag  shield. 


TABLE  2 


TEST  FLUID  PROPERTIES 


Fluids 

Density 

(grams 

3 

per  cm 
at20*Q 

Viscosity 
(centipoises 
at  2Q*C) 

Surface  Tensiui 
in  Air  at  20*C 
.  dynes . 

'  an  * 

Surface  Tension 
Density 

(-^r) 

sec 

Contact  Angle 
with  Pyrex 
<de&v 

Mercury 

13.55 

1.554 

476 

35.1 

120-125 

Ethyl 

Alcohol 

0.7893 

L200 

22.3 

28.3 

20-26 

Carbon 

Tetra¬ 

chloride 

L595 

0.969 

26.95 

16.9 

16-19 

Distilled 

Water 

0.9982 

LOOS 

72.8 

73 

less  than  12 
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LIFTING  BAN  WIRE  -  RELEASE  MECHANISM 


Flgiu*  15.  SohrnnMio  of  1.S-8mooi1  Drop  r«clliy 
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STATIC  FLUID  CONFIGURATIONS  IN  CYLINDRICAL  CONTAINERS 


Since  the  contact  angle  (8)  is  known  to  be  preserved  at  aero  gravity  and  since  the  mini¬ 
mum  energy  principle  requires  a  liquid-vapor  interface  of  constant  curvature,  which  for  an 
unrestricted  cylinder  would  be  a  section  of  a  sphere,  the  zero-gravity  configuration  may  be 
determined.  Figures  19  and  20  give  the  displacement  of  the  interface  for  the  entire  range 
of  contact  angles.  These  figures  assume  no  end  effects  or  restriction  in  the  container.  Also 
a  gradual  translation  from  positive  to  zero  gravity  is  assumed.  These  predictions  were 
verified  in  the  drop  tower  for  fluids  of  zero  contact  angle.  Figure  21  illustrates  both  the 
1-G  and  zero-G  configuration  for  ethyl  alcohoL  Identical  results  were  obtained  with  carbon 
tetrachloride  and  distilled  water.  A  point  was  also  verified  for  the  nonwetting  fluid  config¬ 
uration  iiwtng  mercury.  In  all  cases  in  these  experiments,  there  was  an  overshoot  of  the 
equilibrium  position  during  the  formation  process.  This  condition  will  be  discussed  in 
detail  later  on.  The  percent  of  liquid  and  diameter-to-length  ratio  (D/L)  of  the  cylinder 
container  also  has  m  effect  on  the  static  interface  configuration.  Figure  22  gives  this 
effect  fo.r  wetting  fluids  and  Figure  23  deals  with  nonwetting  fluids.  Figure  17  illustrates 
the  use  of  Figures  22  and  23. 

NONWETTING  FLUID  WETTING  FLUID 


Figure  17.  Use  of  Wetting  and  Nonwetting  Fluid  Coofiguatfems  in  Cylindrical  Tanka 

For  a  given  container  (D/L  constant)  and  fluid  (8  constant),  the  configuration  is  as  shown 
in  Figure  18. 
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In  Figures  22  and  23,  the  common  point  of  the  four-configuration  regions  is  an  unstable 
configuration.  For  a  fill  operation  under  zero-gravity  condition  with  nonwetting  fluids, 
the  progression  of  fluid  configurations  can  be  determined  from  the  appropriate  figure. 
However,  in  going  from  configuration  region  3  to  4,  a  vapor  volume  may  be  trapped  at 
the  fill  end  of  the  container. 

Note  that  for  a  drain  operation  involving  wetting  fluids  under  zero-gravity  conditions, 
which  proceeds  from  configuration  region  1  to  region  4,  some  liquid  may  be  trapped  at 
the  vapor  end  of  the  container.  For  Q  »  0°,  the  vapor  bubble  of  configuration  region  1  is 
not  restricted  to  the  position  shown  and  may  be  found  any  place  in  the  bulk  liquid.  If  a  0 
of  180°  is  possible,  the  liquid  bubble  of  configuration  region  3  may  “float’*  off  the  walls 
of  the  container. 

From  this  discussion,  we  may  conclude  that  Figures  20  and  21  on  interface  displacement 
apply  only  f6r  D/L  and  percent  of  liquid  combination  lying  in  configuration  region  4  of 
Figures  22  and  23. 

Several  drop  tests  were  performed  using  ethyl  alcohol  in  a  Pyrex  cylinder  (D/L  ■  1.4) 
to  determine  the  effect  of  initial  fluid  position  on  final  interface  configuration.  Figure  24 
gives  both  the  1-G  and  zero-G  configuration  with  the  axis  of  the  cylinder  vertical.  Referring 
to  Figure  22  with  6  ■  0,  D/L  *  1.4,  and  50  percent  liquid,  we  determined  that  both  configura¬ 
tion  regions  1  and  4  were  possible  and  the  zero-G  configuration,  therefore,  verified.  Fig¬ 
ure  25  gives  configurations  for  ethyl  alcohol  (25  percent)  with  the  cylinder  axis  horizontal 
and  at  a  45-degree  angle.  By  checking  Figure  22  for  these  conditions,  one  can  predict 
both  configuration  regions  4  and  3.  The  test  results  check  with  the  predictions;  however, 
when  the  axis  of  the  cylinder  was  horizontal,  the  fluid  was  located  at  both  ends  of  the 
containers  or  a  “double**  configuration  3.  This  condition  resulted  because  the  initial 
probability  for  locating  at  either  end  of  the  cylinder  was  the  same.  The  experiment  was 
repeated  with  the  75-percent  fill.  Prediction  of  configuration  region  1  is  shown  in  Figure' 

.  22.  The  results  were  as  predicted  as  shown  in  Figure  26, 

Experiments  were  also  conducted  in  the  KC-135  and  C-131  aircraft.  The  procedures  for 
aircraft  testing  are  given  in  Reference  25.  Since  foe  aircraft  provides  long  periods  of  zero 
gravity,  larger  containers  could  be  investigated.  The  fluids  considered  were  H20,  carbon 

tetrachloride,  ethyl  alcohol,  and  mercury.  The  cylinders  were  approximately  5,  10,  and  IS 
centimeters  In  diameter.  The  configuration  obtained  was  similar  to  the  drop-tower  results 
as  illustrated  in  Figures  27  through  29.  Since  in  aircraft  testing,  the  positive  to  zero-gravity 
translation  does  vary  from  run  to  run,  this  condition  was  found  to  produce  two  different 
stable  configurations  as  shown  in  Figure  27.  This  fact  points  out  that  if  a  designer  is  to 
utilize  foe  minimum  energy  principle  to  control  fluid  orientation,  an  accurate  knowledge 
of  the  effect  of  the  G  translation  is  necessary.  As  foe  size  of  the  cylinder  was  increased, 
obtaining  foe  stable  zero-gravity  configuration  became  increasingly  difficult.  The  15- 
centimeter  container  Illustrated  in  Figure  29  was  the  largest  cylinder  investigated. 
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Figure  26.  Conflguratioes  of  Ethyl  Alcohol  (75  Peroest  Fill)  with  Axis  at 
Cylinder  (D/  L  *  1.4)  Horimotsl  and  45 Decrees 
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Figure  27.  Two  Low-Gravtty  Configuration!)  of  Ethyl  Alcohol  (SO  Percent  Fill)  In 
5-Ceutimeter  Inside-Diameter  Cylinder  (Alroraft  Test) 
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Figure  37. 


Configuration?  of  Carbon  Tetrachloride  (50  Percent  Fill)  in  500-Millilite^  Sphere 


ASD-TDR-63-506 


INTERFACE  OVERSHOOT 


The  displacement  of  the  edge  and  center  of  the  liquid-vapor  interface  in  a  cylinderical 
container  was  determined  by  a  frame-by-frame  analysis  of  several  drop  tests  with  ethyl 
alcohol.  The  results  are  displayed  in  Figure  39.  Note  that  there  is  an  "overshot”  by  the 
interface  of  the  equilibrium  zero-gravity  configuration.  This  overshoot  phenomenon  may 
in  special  cases  present  problems  for  the  designer  of  propellant  tanks  utilizing  surface 
tension  for  fluid  orientation.  An  example  might  be  the  following.  Note  Figure  22,  if  the 
tank  was  designed  so  that  the  translation  from  positive  to  zero  gravity  occurred  at  a  fill 
ratio  only  slightly  below  the  line  separating  configuration  regions  1  and  4,  the  overshoot 
could  cause  a  translation  from  region  1  to  region  4.  Once  in  region  4,  for  fluids  with  contact 
angles  other  than  zero,  the  overshoot  may  cause  the  vapor  bubble  that  would  normally  he 
wall  bounded  to  break  free  of  the  wall  and  "float”  internal  to  the  liquid.  In  most  cases  the 
problem  of  overshoot  can  be  circumvented  by  proper  design.  Acceleration  perturbations 
during  the  translation  to  low  gravity  has  a  more  important  effect  on  the  low-gravity  liquid- 
vapor  configuration.  This  effect  has  been  noted  many  times  in  comparing  the  results  of 
aircraft  tests  with  results  of  drop  tests.  This  situation  brings  out  a  point  that  is  often 
omitted  when  determining  low  gravity  configurations  using  the  minimum  energy  principle. 
Depending  on  the  initial  condition  of  the  fluid  as  the  low-gravity  environment  is  reached, 
there  are  many  relative  minimum  energy  states  for  the  fluid.  That  is,  the  fluid  may  stabi¬ 
lize  in  a  relative  minimum  energy  configuration,  and  the  surface  energy  must  be  increased 
to  drive  the  fluid  from  this  "energy  well”  to  the  absolute  minimum  energy  configuration. 
This  condition  is  illustrated  in  Figure  38. 


TWO  VAPOR  COALESCENCE  SINGLE  VAPOR 

BUBBLES  BUBBLE 


Figure  38.  Surface  Energy  Condition* 


Figure  38a  shows  a  condition  of  relative  minimum  energy.  This  condition  has  been  noted 
many  times  in  aircraft  tests  at  ASD.  Figure  38b  shows  that  the  condition  at  coalescence 
requires  a  higher  energy  state  because  of  the  increase  In  liquid-vapor  Interface  area. 
Coalescence  has  not  been  noted  in  aircraft  tests  for  times  as  high  as  15  seconds.  Figure 
38c  shows  a  condition  that  would  be  predicted  by  the  minimum  energy  principle. 

Using  liquid-liquid  models  (two  equal  density  insoluble  fluids),  we  found  that  after 
generating  several  bubbles  (condition  1)  approximately  15  minutes  wore  required  to  obtain 
condition  3.  The  coalescence  could  possibly  be  explained  by  the  presence  of  email  velocity 
and/or  thermal  gradients  that  could  support  the  coalescence.  The  rate  at  which  coalescence 
occurs  at  low  gravity  is  of  extreme  importance  in  some  heat-transfer  processes. 
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CONCLUSIONS  AND  RECOMMENDATIONS 
The  following  conclusions  and  recommendations  are  made: 

1.  Tho  drop  test  facility  is  a  useful  tool  for  providing  basic  information  on  fluids 
of  low  gravity. 

2.  The  absolute  minimum  energy  configuration  of  fluid  at  zero  gravity  in  simple 
container  may  bo  readily  determined. 

3.  Depending  on  the  condition  of  fluids  during  the  transfer  from  positive  to  zero 
gravity* and  tlie  type  container,  the  fluid  may  stabilize  in  a  relative  minimum  energy 
configuration. 

4.  All  real  fluid  will  eventually  form  into  low-gravity  configuration  with  the 
liquid  phase  wall  bounded. 

5.  In  the  capillary  system,  screens  can  be  made  to  act  as  solid  surfaces.  This 
appears  to  Iw  one  method  of  controlling  fluid  orientation  with  low-weigiat  penalty, 

6.  The  momentum  associated  with  the  fluid  during  the  transfer  from  positive  to 
low  gravity  will  cause  an  overshoot  of  the  absolute  minimum  energy  configuration  and 
may  result  In  the  fluid  stabilizing  in  a  relative  minimum  energy  configuration. 

7.  Tankage  system  that  utilizes  surface  tension  for  propellant  positioning  and/or 
mass  transfer  appears  particularly  attractive  for  the  electric  engines.  Systems  of  this 
type  should  lie  developed  for  this  application. 
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